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STABILITY PREDICTIONSL

By F. B. Gustafson and Robert J. Tepscott
SUMMARY

In the first part of this report a brief review 1s presented of
methods available to the helicopter designer for obtaining desired ste-

bility characteristics by modifications to the airframe design. The dis-

cussion is based on modifications made during the establishment of flying-
quaelitles criteries and includes sample results of theoreticel studies of
additional methods.

The conclusion is reached that it is now feasible to utilize combi-
nations of methods whereby stebility-parameter values are realized which
in turn provide the desired stabllity characteristics.

Part IT reviews some of the methods of predicting rotor stebility
derivatives. The procedures by which these rotor derivaetives are
employed to estimate hellcopter stabillity characteristics have been sum-

marized. Although these methods are not always adequate for predicting

absolute values of the stability of the helicopter, the effects on sta-
bility of changes in individual derivatives can generalLy'be estlmated
satisfactorily.

INTRODUCTION

The problems relasting to stability of helicopters have been the sub-
Jeet of numerocus published works. Requirements established by the mili-
tary services for satisfactory helicopter stability are specified in
reference 1. Some of the pertinent work on this subject by the National
Advigory Committee for Aeronsutics is described in references 2 to 21.
The purpose of part I of this psper is to summarize some of the physical

lSupersedes recently declasssified NACA Research Memorandum ILS4LF3Z0
by F. B. Gustafson and Robert J. Tapscott, 1954, and L54GO5 by Robert J.
Tapscott and F. B. Gustafson, 1954.
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methods availeble to the designer for obtaining desired stability values
by changing the alrframe design. Although the direct application con-
sidered 1s that-of meeting flying-qualities criteris, it may be worth
rointing out that other reasons often arise for designing a configuration
so that specific smounts of stabllity are provided; for example, the most
efficient combination of autopilot—and alrfreme design may be desired.

In order to predict helicopter stability, as for example to estimate ) .
theoretically whether a proposed helicopter will meet the flying-qualities
requirements, both the applicable equations of motion and the necessary
stability derivatives must be determined.

Processes for applying the equations of motion have been well estabh-~ .
lished as a result of the extensive stebility anaelysis made for airplanes, '
and the modification of these procedures for use with hellcopters has been o
found a secondary problem in comparison with the prqvision of values of o
stabllity derivatives. In the past few years, sufficient information has
been provided to permit the most pertinent rotor derivatives to be pre-
dicted with fairly good accuracy in applications where no stall is pres~
ent. A summary of this work is presented in part-IT of this paper.

I - METHODS FOR OBTAINING DESIRED HELICOPTER

STABILITY CHARACTERISTICS

The scope of the discussion in part I is outlined in the following . L
table:

Characteristic Rotor type investigated
Damping in roll Single and ‘tandem
Maneuver stgbility Single and tandem
Speed stability Single and tandem
Iateral oscillation and Tandem

turn characteristics

Aveilsble results on static directional (weathercock) stability of
tandem hellcopters are not—included in this discussion because of thorough
coverage in reference 2. For helicopter types other than single~-rotor or -
tandem~rotor conflgurations, no direct information is provided herein but
much can be inferred from the more appropriate of the two types covered.

"
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For each of the stability characteristlcs covered, modifications
made to the design in the process of exploring a range of characteristics
during the establishment of criteria for desirable flying qualities are
discussed. The value of these examples lies in the fact that they are
demonstrated cases for which stability parameters have been measured.
Optimum design generally requires the choice of a method or combination
of methods; therefore, sample results of theoretical studies of addi-
tional methods are included in each case.

Symbols
rolling moment due to control deflection

rolling moment due to rolling enguler veloclty

change in weight of blade _ ) [ —

blade moment of inertia about flapping hinge

blade mass constant e

pitching moment per unlt angle-of-attack change
pitching moment due to unit plitching angular velocity

rolling moment

sideslip velocity

rotor rotational speed

rotor solidity

longitudinal cyclic pitch e
forward velocity

blade section pitching-moment coefficlent

difference between collective-pitch angles of front and rear rotors

g? E; é’ < gy a 9D 4 b AF d‘ = Jﬁ o J% g &;

difference between angles of attack of front and rear rotors due
to longitudinal swashplate tilt _

blade radius B
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Damping and Control Power in Roll

The ratio of. control power to damping, which frequently tends to
reach values that lead to a major problem in the hovering characteristics
of small low-inertis helicopters, 1s treated in table I. The test vehicle
wes & two-place single-rotor helicopter. As used herein, "control power"
is the rolling moment per unit stick deflection and "damping" is the
resisting moment per unit angular velocity of the helicopter. Since
changes .in control power are restricted by trim requirements, this dis-
cussion is concerned solely with changes in damping.

The requirement of the current military specificetion (ref. 1) is
that the rate of roll per inch of stick displacement (often referred to
as “"sensitivity") be less than 20° per second. The test-helicopter pro-
vided the opportunity to explore & falr-sized range of velues, always on
the satisfactory side, by adjusting a mechanlcal gyroscoplc device. The
value cf 14 for L5/Lp is obtained with the device locked out, and the
value cf 5.2 is obtained with the device as far beyond the production
setting as feasible. Both from theory and from flight measurements on
other helicopters, it is known that; with lighter blades and no special
device, the requirements of reference 1 would not have been met.

In addition, and of perhaps even greater importance, studies made——
subsequent to the establishment of the existing specifications have demon-
gtrated the direct value of increased damping irrespective of LB/LP.

(For example, see ref. 20.) Therefore, examination of several additiocnal -
methods Tor changing the damping is advisable.

Ircreasing the blade inertia is one method of changing tiredamping.
If use of a tip weight is considered, calculatlions indicate that-60 per-
cent of the blade weight is needed to duplicate the full change in

Lg/Lp from 14 to 5.2.

Of'fsetting the flepping hinge will increase damping, but—-if this
method is used the control linkage has to be changed to prevent increase
in control paower, or else little change in I@/Lp will result. With the
heavy blades of the test helicopter, an offset-of only Z2-percent radius
would be needed to change La/lp from 14 to 5.2; with light blades, an
offset of 5-percent radius would be enough. ’ '

A third design spproach which makes possible increased damping is
the use of aerodynsmic servocontrols. Sketches of two types, as viewed '
from above the rotor, are shown in table I. One type uses a surface
behind the outer part of the blade and the other uses a surface attached
at right angles at the blade root. Such devices apperently can be designed
to provide increases in damping sufficient to cover the test range. Some .
methods permit increase in both control power and damping, a combination
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which 1s sometimes desirable; examples are flapping-hinge offset and
serodynamic servocontrols as Just dlscussed.

Damping and control power in roll for the tandem helicopter require
no separate discussion since, in roll, it i1s possible simply to consider
two single rotors instead of one.

Maneuver Stebility of Single-Rotor Helicopters

Two separate maneuver-stability (or divergence) problems with
single-rotor helicopters at cruising speed are treated in table II. With
one helicopter, the variations were made by way of angle-of-attack sta-
bility, and with the other, by way of damping in pitch. For the first
case, a change to a value of angle-of-attack stability of 300 pound-feet
per radian was enough to cause the requirement to be met. The range
covered went from the unsteble value of 7,000 pound-feet per radian to
the stable value of -2,100 pound-feet per radian. (Minus is stable in
accepted stability theory.) The test conditions actually extended some-
what farther than the velue of -2,100 pound-feet per radian on the stable
side but the My wvalues were not recorded.

The tail assembly used has been discussed in published papers, par-
ticularly reference 3. It may bear repeating, however, that a total tall
ares of 0.5 percent of the rotor area could make the difference between
the helicopter's diverglng excessively in a few seconds and being able
to fly through rough alr without the longitudinal control being moved.
This result was obtained after linking the tail to the cyelic controls,
which so reduced the design compromises as to permlt use of a somewhat
more effective tail.

Tests were made with a different helicopter (labeled (2) in taeble II),
wherein the damping in pitch was varied in such a way as to bracket the
condition for which the requirement was met. The value of -1,200 pound-
feet per radisn needed to cause the specification to be met falls about
midwey in the range of -T700 to -1,900 pound-feet per radian covered.
Damping is another quantity where the minus sign is indicative of a stable
condition. As to the method used, the investigation was the same as that
which provided the damplng-in-roll velues given in table T.

As to alternate methods, for large changes in angle-of-attack sta-
bility Mg, there do not seem to be many which will cover the range
singlehanded. Increase in rotor speed is listed because the effect of
such an increase is calculeted to be sufficient to warrant thought of
some compromise with design for optimum power. It will be understood
that rotational speed ls approprilate because 1n all other respects the
design is fixed; more fundamentally, what is implied is lower values of
pltch and tlp-speed ratio. A 33-percent increase in rotor rotational
speed is estimated to glve half the range covered and would not have
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been enough, in itself, tov meet the specification. The effects are not
linear and much greater increase in stabllity by this method would cause
extreme compromise with performance. -
If offset-flapping hinges are used, then the aircraft center-of-
gravity position affects angle-of-attack stabllity. An estimate for this
helicopter 1s that, with the hinges at 5 percent blade radius, moving the
center of gravity 7 inches (2.5 percent of the rotor radius) forward from
the rotor shaft would produce as much change as the 33-percent increase
in rotor rotational speed. With the same offset, a center-of-gravity
shift of 14 inches, if such is tolerable, would produce the change to
the -2,100 value and thus would permit the requirements to be exceeded.

For alternate methods of varying the rotor demping in pitch Mq»
the methods given 1n the roll-sensitlivity discussion again apply.

The discussion of this section is in terms of existing criteria which
in turn relate most specifically to normal-ascceleration characteristics
in maneuvrers. It might be remarked that in certain instances, when the
normal-acceleration criteria for maneuver stabllity are Just met, the
pitching velocity still shows appreciable divergent tendencies. Consid-
eration of the problem suggests that when such situstions arise, by
carrying somewhat farther the methods that have Jjust been described,
logical development with time should be achieved for piltching velocity as
well as normal acceleration, so that no fundamentally new problems seem
to be represented.

Maneuver Stability of Tandem-Rotor Helicopters

Maneuver stability of the tandem helicopter, again at crulsing speed,
1s treated in table ITII. The parameter considered is agaein pitching
moment per unit angle-of-attack change, and with the test helicopter the
unstable value of 57,000 pound-feet per radian correeponded to s value—
that would Just barely meet the requlrements set forth in the specifica-
tion. Whille a change of only 15,000 pound-feet per radian would have

sufficed to Just reach the marginal value of 57,000, a change of 88,000"“'”

in the dlrection of increased stebility was explored. It is desirable
to be able to make these larger changes. The test method used was not
altogether appropriate for this discussian because go much of the range
was obtained by choice of power setting. The avallable center-of-gravity
range produced a useful but subordinate change, a forward center of grav-
ity being the more steble.

Because the test method was not altogether appropriate for large -
changes, calculations are again used to illustrate other methods. Changes
which affect the relative lift-curve slopes of the front and rear rotors
seem especlally effective. It 1s estimated that, if the front-rotor
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radius is decreased and the rear-rotor radius is increased to provide a
total difference of 10 percent of the mean radius, the test value of sta-
bility increase would be realized. If, instead, a differential in rotor
solidities were effected by putting wider blades on the rear rotor and
nerrower ones on the front rotor, this same stebility increase could be
obtained with a solidity differential of 45 percent of the mean value.

The size of horizontel-tail surface necessary to contribute the same
range was computed, in order to i1llustrate the indication in reference 9
that a horizontal teil is relatively less effective for tandems than for
single rotors. A value of L4 percent of rotor area is indicated in dis-
tinction to the 0.5 percent indicated for the single-rotor helicopters.
Although the two cases are not strietly comparable, the relative order
of magnitude 1s considered to be reasonable.

Speed Stebility of Single-Rotor Helicopters

Table IV treats the speed stability of a single-rotor helicopter.
For a helicopter to be stable with speed, 1t is required that, with
fixed pitch and throttle, the stick be moved farther forward for trim
with increase in speed. The parameter used to measure this change 1s the
longitudinal cyclic pitch By per unit veloeity V (in knots). The
range tested (B1/V from O to 0.06 degrees per knot) was obtained by
changes in horizontal-tail setting. When sufficlent upload was provided
on the tail surface, the stable contribution of the rotor could be can-
celled; when download was provided, it could be increased. Iﬁéidentally,
most of this exploration of near-zero speed stabillty was carried out with
the tail linked to the cyelic stick, the reason being that a high, fixed,

nose-up tail setting can be dangerous in the event of inadvertent speed
increase. h

The rotor tends to be stable, but counteracting factors must still
be considered. Some fuselage shapes can be as destablilizing as a nose-
up tall setting, although a range of 30 foot-pounds per knot would be
rather unusual. A large rotor-blade-section diving moment could more
than cancel the stable tendency of the rotor. The increment Acy of
0.06 actually was suggested by the dangerous characteristics which arose
with autogiros having cpm = -0.06. A rough estimate indicated the value
of 0.06 to be the right order of magnitude to produce the change under
discussion s well.

Speed Stability of Tandem-Rotor Helicopters

Teble V relates to speed stability of the tandem-rotor type of heli-
copter. The longltudinal control of this configursation is cbtalned pri-
marlly by changing the pilitch-setting difference between front and rear
rotors, and the paremeter is written as AB/V to correspond. This



quantity was varied from -0.0l to 0.003; thus, the requirement of at least— -
zero is bracketed. This change was accomplished by changing the--tilt

angle beween the front and rear rotor systems. The unstable setting wes
00; the stable one, 1.8° "toe-in." T —

Calculations indicate that a center-of -gravity shift from midway
between the shafts to 22 percent shead of the midpoint should produce the
equivalent range. The 22-percent value is based on total distance
between shafts. Similarly, giving the rear rotor higher solidity and the
front less, with a total difference Ao of 24 _percent of the mean,
should achieve this same result. These values are for cruising speed;
at low speeds the effect of center of gravity can even reverse, whereas
the solidity change becomes more effective. The use of these methods in
combination thus holds special interest. It is also worth noting that _
these effects act in the same direction for speed stability as they do
for maneuver stability.

Iateral-Oscillation and Turn Characteristics
of Tendem-Rotor Helicopters

Tandem-rotor lateral-oscilliation and turn characteristics at—crulse
speed are treated in table VI. One of the most effectlve parameters for
both is rolling moment per unit sideslip veloeity, or L/v;"measuredﬁas
foot-pounds of rolling moment per foot per second of sideslip velocity.
Fortunately, this quentity, which 1s the effective dihedral, is not griti-
cal in its own right; provided it stays on the stable side. (By conven-
tion, stable values are negative.) Most of the required change was
obtained by attaching small wings (surface area, T square feet) to the
lending gear. The front view and side view are shown. It was most—con-
venient in these flying-qualities trials to extend the test—conditions =
further by changing the flight conditions; but with so many designs begin-
ning to sppear with moderate-=sized wings (much bigger than the panels used
in these tests), meking the full change needed may often require only the
determination of the correct geometric dihedral.

One additional method is to change the vertical location of the
center of gravity relative to the side-view area. Only a major change in
power-plant location, such as a shift to overhead turbines, seems likely
to make a change of the necessary magnitude (9-inch shift in center of
gravity). Contributing changes, though, including some ventral-fin area,
mey often prove feasible. _ '

Increasing the damping in roll is another effective approach that
can be considered. This method 1s discussed, along with still other
approaches, in reference 4, e -
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Concluding Remasrks for Part T

Examples have been presented to illustrate methods for improving
helicopter stability. It will be realized that many of the numerical
values which have been given apply only for the case studied. For
example, a tandem helicopter might already have lower effective dlhedral
or might somehow be designed with less nose-down inclination of the prin-
cipal inertia axis and, in either event, might meet the lateral require-
ments without reduction in effective dihedral. '

The cases presented are believed to illustrate that it is now fea-
sible to choose one or more important stability parameters from theoret-
ical studies and, in turn, to find a combination of methods whereby values
of the parameters are realized which provide the desired stebility
characteristies. -

The obtainment of desired stability characteristics with a minimum
of design compromise requires first of a1l a high degree of fundamental
understanding. To achleve this end a workable theory must be available.
It is believed that the existence of such theory has been demonstrated.
In addition to such use of theory, the outstanding key to the obtainment
of desired characteristics with minimum design compromise seems to be
the avallability and use of a variety of physical methods in combination
with one another. It is hoped that the sample methods presented may be

helpful in suggesting still more approaches to the helicopter designer.
IT - PROCEDURES FOR PREDICTING HELICCPTER STABILITY = __. —

The prediction of stability derivatives requires a knowledge of the
contributions of both the rotor and the fuselage. TFuselage characteris-
tics are not open to as specific an analysis as rotor characteristics,
and preliminary estimates can be handled on the basis of data from pre-
vious designs and from wind-tunnel model tests. The fuselage seems to
be subject to greater modification up to the time production sterts;
consequently, this discussion is confined primerily to the rotor contri-
butions to the derivatives.

Symbols

W gross weight of helicopter, 1b
m mass of helicopter, slugs

g acceleration due to gravity, 32.2 ft/sec2 : e
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AT

..helicopter pitching moment of inertis about center of gravity,

NACA TN 3945

blade radius, ft

blade-section chord, ft

equivalent blade chord (on thrust-basis), “fg————-—7 ft

number of blades per rotor . } LI

rotor solidity, becg/aR

instantaneous blade-section pitch angle (angle between line of
zero lift of-blade section and plane perpendicular to rotor
shaft), © - Ay cos ¥ - By sin ¥, radians

collective-pitch angle (average value of @ around azimuth),
radians . ‘

mass density of air, slugs/cu Tt

mass constant offrotor blade (ratio of ailr forces +to mass forces),
pcaR}*'/ I;; elso, flight-path angle, radians

“helicopter rolling moment of inertis about center of gravity,

slug-ft2

slug-ft2

helicopter yawing moment-of 1nertia about center of gravity,
slug-ft2 ———

difference PWetween collective-pitch angles of front and rear
rotors, positive when collective-pitch angle of rear rotor 1s
greater, radians; also, increment—of 0

mass moment of inertis of blade about flapping hinge, slug-ft2

difference between thrusts of front and rear rotors, positive
when thrust of rear rotor is greater, 1b '

AR,A(QR) ,Ac  definitions analogous to that for AT L
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Ly difference between angles of attack of front and rear rotors due
to longitudinal swashplate tilt, positive when rear-rotor angle
of attack is greater

Ay,B1 coefficlents of -cos ¥ and -sin ¥, respectively, in expres-
gion for ©; therefore, lateral and longitudinal cyelic pitch,
respectively, radians

o] control motion, inches from trim

t time, sec

v true airspeed of helicopter along flight path, ft/sec

v sideslip velocity of helicopter in Y-direction, ft/sec

a rotor angle of attack (angle between flight path and plane per-
pendicular to axis of no feathering), positive when axis is
inclined rearward, radilans

Q rotor angular velocity, radians/sec ~

V cos a vV
tip-speed ratio —_— assumed equal to —

K P-5P . ) OR ( qQ QR)

Up component at blade element of resultant velocity perpendicular
to blade-span axis and to axis of no feathering, ft/sec

up = Up/aR .

¥ blade azimuth angle (measured in direction of rotatlion from down-
wind position of blade if wind axes are used; measured in _
direction of rotation from position of blade when it is pointing
rearward along longltudinal axis of helicopter 1f body axes are
used), radians

a gslope of curve of blede section 1lift coefficient plotted against
sectlion angle of attack, per radian __

L rotor 1lift, 1b; also, rolling moment, 1lb-ft

T rotor thrust (component of rotor resultant force parallel to axis
of no feethering), 1b T

Q rotor-shaft torque, lb-ft

Cp rotor thrust coefficient, T
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rotor-shaft torque coefficilent, '__*—;3—75_
7R°p(0R) 2R

blade flepping angle at partlicular azimuth position, radians,
also, sideslip engle, radians

cos ¥ -=Dby sin ¥ . . .,

constant term in Fourier series that expresses §3; therefore,
rotor coning angle

coefficient of -cos ¥ in expression for f; therfore, longi-
tudinal tilt of rotor cone — i

coefficient-of -sin ¥ in expression for B; therefore, lateral
t1lt of rotor cone . } .

projection of angle between rotor resultant force vector and axis

puhatu s

of no feathering in plane containing flight—path end axis of
no feathering

projection of engle between rotor resultant force vector and axis
of no feathering in plene containing axis of no feathering
and perpendicular to plane containing flight path and axis of
no feathering -

helicopter rolling velocity, radians/sec

nelicopter pitching velocity, radians/sec

helicopter yawing velocity, radia.ns/sec; also, radial distance to
blade element, £t

angle of roll, radians

yawing moment, l1b-ft

pitching moment, lb-ft

height of rotor hub above helicopter center of gravity, ft

angle. between principal longitudinsl axis of inertia of helicopter
and flight path positive when nose is up, radians

stability axes
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Subscript:
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Dots over symbols indicate derivetives with respect to time.

Rotor Stability Derivatives

In genersl, calculation of the stebillity derivetives needed for a
study of helicopter characteristlcs depends on the knowledge of the
individual rotor derivatives shown in the followlng tsble:

a(CT/cr ) 3(Cy/0) 3(Cp/o) 3(Cg/o) | 3(Cr/o)
v Ll o8 dq
Q! b  dal gal Qal _ b'
det ov a0 o6 da op
d(cq/o) 3(co/s) 3(cg/a) 3(cq/d) | 3d(cq/s)
dat oV oQ 39 oq
dag da, dag day dag
Qda v @ Qe dq
da v aq 36 aq
G L N S
FEOE o0 36 3
As shown, the rotor parameters considered are OCp/¢ and a', the magnl-

tude and angle of the thrust vector, respectively; rotor torque

Cg/o;

blade coning angle 8ag;

flapping, respectively.
independent varisbles:

rotational speed Q, collective pitch 6, and pitching veloecity gq. The

and by end aj, the lateral and longlitudinal

These rotor parameters are functions of five
rotor angle of attack a, forward speed V,

values of the derivatives are determined by the varistions from trim of
the rotor paremeters with changes in each of the five varigbles. The

totael number of derivatives shown here is large; however, for most appli- B

cations 1t is generally possible to reduce the number considerably. For
instance, if the rotor under consideration has no flapping-hinge offset,
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the flapping coefficients are not slgnificant; thus, the muber of deriva-
tives to be consldered is immedistely reduced by sbout one-halfs If neces-
sary, however, these derivatives can be determined from the equations of
references 10 and 1ki.

Of the remaining derivatives, the Lift due to pitching and torque
due to pitching generally cen be neglected. For most cases, then, the
derivatives needed have been reduced to those enclosed within the lines
in the preceding table. All the CT/G, Cq/c, and a' derivetives can

be obtained from the figures or equations of references 8 and 10, as is
shown in the following discussion.

The thrust due to angle-of attack and that due to collective pitch
are presented as functions of tip-speed ratio in figure 1. If the solidity
and tip-speed ratio for a given case sre known, these quentitles can be
read directly from the curves. The equations on which this flgure is
based and the processes by which they were derived are discussed in
refererce 8.

Tte change in thrust coefficient with tip-speed ratio 1s presented
in reference 8 in the form of an equation from which, when the flight
condition 1s known, the rate of -chenge of thrust coefficlient with for-
ward speed and rotational speed can be computed. o

The cheange in Inclination of the rotor force vector due to steady
Piltching or rolling veloclty has been derived in reference 10. Thls

derivative 1ls shown in figure 2 as a function of the parameter

Cp/fo
As the effect—of tip-speed ratio p 1s small, the formula shown in
figure 2 is fairly saccurate below a tip-speed ratic of- 0.5 for both rcll
and pitch. The rotor damping moment 1ls determined simply by multiplying
the quantity obtained from the figure by 18/79 end by the rotor thrust
and rotor height sbove the helicopter center of gravity; that is,

@=aav/agTh1_8>
3¢  18/7a 70

For the rotor-vector angle and rotor torgue derivatives, charts such
as those shown in figure 3 have been derived and are published in refer-
ence 8., These charts are given for a range of collective-pitch angles

from 0° to 14° at 2° increments; the sample shown herein is for a collec-
tive pitch of 8°. In these charts, the longitudinal rotor-vector
angle a' 1s plotted agalinst the ratio of thrust coefficient to sclidity

for specified values of tip-speed ratio. Iines of constant power param-
eter CQ/CTu are also plotted on the charts. Combinations of these
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parameters which result in angles of attack of 12° and 16° on the
retreating blade are indicated by dashed lines; these lines, in effect,
serve as limit lines sbove which account must be taken of stall. By
using slopes or differences from these charts in conjunction with other
derivatives and some simple equations, the remaining derivetives of a'
and of the torque coefficient can be obtained. As an example, conslder
the derivative of a' with respect to angle of attack. From charts such
as figure 3, the rate of change of a' with thrust coefficilent can be
obtained at a gilven tip-speed ratio and thrust coefficient by scalling

off the slope of the tip-speed-ratio line at the desired thrust coeffi-
cient. When this quantity is multiplied by the chenge in thrust coeffi-
cient with angle of attack, which has already been dlscussed, the result
is the change in a' with angle of attack. The other a' and the torque
coefficient derivatives can be obtained by similar procedures. These
procedures are discussed in reference 8.

Prediction of Helicopter Stabllity Characteristics

It is believed that the rotor contribution to the essentlal heli-
copter derivatives can be predicted by using the rotor derivatives that
have been discussed. These rotor derivatives are applliceble, in most
cases, to a study of the stebility charsascteristics of either a single-
rotor or a tandem-rotor configuration. Differences arise in using the
rotor derivatives to determine the helicopter derlvatives for use in the
equations of motion and in accounting for the effects of flow interference
for a specific configurstion. For most purposes, the lateral and longl-
tudinal characteristics of the hellcopter can be studled separately.
Generally, equations of motlion derived on the basis of constant forweard
speed are sufficient and are applicable to both single- and tandem-rotor
configurations.

Longitudinal characteristics.- In a study of the longitudinal char-
acteristics of the helicopter (refs. 5 and 11), an important criterion
is that the time history of the normal accelerstion shall be concave down-
ward within 2 seconds after a step input to the longltudinal control;
that 1s, the slope of the normsl acceleration curve shall reesch its meax-
imum value and begin to decrease within 2 seconds. In order to assist
in estimating theoretically whether a prospective helicopter will meet
this criterion, the following equations of motion were devised:

Lg+Lng+Lan-j=0

3 7 30 o g
qu+glgA9+%Aoc+aBlABl-IYq 0
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These eguations are based on stebllity axes and derived on the assumptions
of constant forward speed, constant rotor speed, and constant stabllity
derivatives. The assumption is also made that the dynamlic maneuver can
be represented by a series of static conditions; hence, the rotor param-
eters are always at their equilibrium values as determined by the instan-
taneous values of angle of attack, pitch angle, tip-speed ratic, and
pitching velocity. The first and second equations shown represent,
respectively, equilibrium normal to the fllght path and equilibrium in
pitch. The third equation simply relates the varisbles of the first

two equations to permit a solution.

The form of these equations applies specifically to the single-rotor
configuration. For the tandem configuration, the pltching moment due to
control motion results primerily from differentlal collective pitch of
the two rotors rather than from cyclic pitch; thus, the term in the equa-
tions expressing pitching moment due to control motlon must be modified
to account for this difference.

In reference 5, these equations of motion have been solved for the
flight=path angle 7, which, in turn, permits an expression to be written
for the time history of the normal acceleration. Values of combinations
of derivatives have been determined which, when substituted into the
expression for the time history of normal acceleration, will result in
a time history that-is concave downward at 2 seconds. These values have
been presented in the form of a chart. (See fig. 4.) Thus the curve in
figure 4 is a boundary line that separates combinations of significant-
longitudinal stability derivetives which result in satisfactory character-
istics from those which result in unsatisfactory characteristics according
to the criterion previously mentioned. Shown along with the theoretilcal
curve are data points corresponding to five helicopter configurations.
The derivatives for the configurstions corresponding to the points shown
were measured in flight and the adjacent number ls the approximste time
for the-corresponding normel-acceleration time history to beccme concave
dovnward. For both single- and tandem-rotor helicopters, the theoretical
curve 1s indicated to be qualltativelycorrect for separating configura-
tions which have satisfactory maneuver stebillty from those which have
unsatisfactory meneuver stebility according to the criterion; that 1is,
the experimental points for which the normal-acceleratlion time history
becomes concave downward in less than 2 seconds fall in the satisfactory
reglon whereas, for times of more than 2 seconds, the points fall in the
unsatisfactory region.

Figure L—shows that an increase in the angle-of-attack stability or
damping in pitch (that is, more negative M, or Mq) or Increases 1n
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the rotor lift-curve slope I, are stabllizing. Also, it can be deter-
mined from this plot that an increase in the pitching moment of inertise

Iy can be destabilizing. Since the change in 1ift slope camnot be large S

and the 1ift slope 1s not expected to change sign, the primary changes
in stebllity must be brought sbout by changes in the demping-in-pitch
or angle-of-gttack stgbility.

In the discussion of longitudinal stebility so far, the forward
speed has been assumed to be constant. For the tandem configuration,
however, the downwash effects of the front rotor acting on the rear rotor
cause an unstable varistion in pitching moment with speed. A study of
the speed stability of the tandem helicopter was made in reference 6.

In that study, on the basis of the avallsble derivatives discussed pre-
viously, an expression for the change of stick position with speed was
derived. The equation, slong with a plot of constants based on the rotor
derivatives, is shown in figure 5. These constants are presented for
several values of rotor solidity over a range of tip-speed ratios. After
a flight condition is selected and the tip-speed ratioc end thrust coef-
ficient are thereby established, the slope of the veriastion of stick
position with speed cen be determined. This equation takes into account
the effects on speed stebllity of center-of-gravity position, differential
rotor speed, differentisl rotor radius and solidity, and "longitudinal
dihedral."” Effects of these parameters can be studied either together

or separately.

This analysis of tandem-helicopter speed stebility is of particular
value in studies, such as the study of the relative effects of changes
in the various parsmeters, wherein it is not necessary to know accurately
the value of downwash or the fuselage contribution. In order to predict
the gbsolute value of speed stsbllity, the downwaesh must be estimated
for the configuration and flight condition under consideration, and the
variation of the fuselage moments must be known. The results of flow-
field measurements presented in references 15 to 18 should be useful in
estimating the magnitude of the downwash sppliceble to a specific condi-
tion.

Iateral-directional characteristics.- The next important item in _
helicopter stabllity is the lateral-directional characteristics. If roll,
yaw, and sideslip are considered as degrees of freedom, the equations
of motion are as follows: '

a3, .
Ixt @ + - ¢ + SOV -5 5 =0 ] .

Ty N, _ Ny
b+ b+ Sty -85 =0
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or, 3p 35

For convenience in determining the derivatives, these equations are based
on principal axes of inertia (primed symbols) rather than on the relative
wind. In general, the rotor contribution to the derivatives needed in
these squations can also be determined from rotor theory. Fuselage con-
tributions can be predicted from wind-tunnel data and previous experience
or from flight data where avegilsble. T T

_ )y - Mg _ mg - ) SR o
<mV _7§> (mV sin n + >¢ T¢ - TV tan ¥ + mv > v 5=0

These—equations have been found useful particularly in estimating
the efflects on helicopter characteristlcs of changes in the individual
stability derivatives. As an example, figure 6 shows the theoretically
predicted time histories of rolling velocity and sideslip angle of a
tandem-rotor helicopter. The curves on the left-hand side of figure 6
represent the predilcted time histories for the originel helicopter. Om
the right-hand side of figure 6 are time hlstories of the same quantities
when the effective-dihedral derivative is reduced 50 percent. This figure
indlicates that a 50~-percent reductlion in the effectlive dihedral would sub-
stantially improve the oscillatory characteristics of the helicopter.
In an attempt to Improve the characteristics, thls means was tried experi-
mentally. The resulis are shown in flgure 7, wherein the experimentally
measured time histories of rolling velocity and sideslip angle before and
after the derivative change are compared. The comparison shows thaet, as
predicted by the theory, a reduction in the effectlive dihedral improved
the osclllation. Thus, in this case, the theory was employed successfully
to Iindicate the course ta be followed in meking an improvement.

Concluding Remsrks for Part II

It will frequently not be feasible to predict accurately sbsolute
magnitudes for the stebility of the complete hellcopter, particularly
because of the difficulty of predetermining final, full-scale fuselage
characteristics. However, on the basis of the studies dlscussed herein,
a Tirst approximstion can be made, and by making some comparatively
straightforward flight measurements of stability derivatives and reem-
ploying the theory to show what modificetions are needed, it sppears fea-
sible to handle at~least those problems with which direct experience has
been had. It appears likely that, in most cases, changes in several
derivatives simultaneously would be necessary to achleve most efficliently
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the desirgble stebility characteristics, and the equations dlscussed
herein should prove very useful in this type of study.

Tangley Aeronsutical Leboratory,
National Advisory Committee for Aeronautics,
Lengley Fleld, Va., November 20, 1956.
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TABLE I

RATIO OF CONTROL POWER TO DAMPING
SINGLE ROTOR; 2,200-L.B GROSS WT.

PARAMETER | VALUE TO | RANGE METHOD USED
MEET TESTED
MIL-H-850I
CONTROL POWER | <20 14 TO 5.2 | AVAILABLE GYRO
T DAMPING DEVICE; Ly FIXED
o= feek wodinee | Ly DEG/SEG
[T, N ] —y _N_
Vew 40 ppd, VT Lbp N _ _
' | ADDITIONAL METHODS (Lg FIXED) | _AMOUNT FOR
T RANGE TESTED
- — INCREASE IN I, — AWy, = 0.6
Laces® - VIA TIP WT.
HINGE OFFSET 2% R
WITH y =47
AERO D3 0 | e —
SERVOS =
TABLE I

MANEUVER STABILITY

SINGLE ROTOR; GROSS WTS.: (I) 5,000 LB AND (2) 2,200 LB;
CRUISE SPEED

MAJOR VALUE TO RANGE METHOD USED

PARAMETER MEET TESTED
VARIED MiL-H-850I
LB-FT TAIL SURFAGCE
My, —B-FT <300 7,000 TO
(O Mo ZABIAN -2,100 :ﬁ:?/
@M. _ LB-FT | <-1,200 -710 TO AVAILABLE GYRO
@ RADIAN/SEC| (ROTOR) -1,930 DEVICE
PARAMETER ADDITIONAL METHODS AMOUNT FOR
I/2 RANGE TESTED
INCREASED RPM 339,
Ma FORWARD C.G. WITH ACG.=25% R
OFFSET HINGES WITH 5% OFFSET
Mg SIMILAR TO ROLL SENSITIVITY
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TABLE I

MANEUVER STABILITY
TANDEM ROTOR; 7,000-LB GROSS WT.; CRUISE SPEED

MAJOR VALUE TO RANGE METHOD USED
PARAMETER | MEET TESTED
MIL~H-850!
- TO C.G. AND
.. LB-FT 72,000
o RADIAN | <57000 -16,000 | POWER SETTING

ADDITIONAL METHODS AMOUNT FOR

RANGE TESTED

AR (SAME Q) @:@ 10%

Ac _ﬁ 45%

TAIL SURFACE 00 SQ FT OR 4% OF
C—=#8 | ToTAL ROTOR AREA

TABLE I™

SPEED STABILITY
SINGLE ROTOR; 5,000-LB GROSS WT.; CRUISE SPEED

PARAMETER | VALUE TO RANGE METHOD USED
MEET TESTED
MIL~H-8501
B DEG TAIL SURFAGE
vV ' KNoT >0 O TO 0.06 :% :/
A FACT! AMOUNT FOR
DDITIONAL GTORS RANGE TESTED
MOMENTS, FUSELAGE Aw= 30
LESS TAIL _ KNOT

MOMENT COEFFICIENT




2k

TABLE T

SPEED STABILITY
TANDEM ROTOR; 7,000-LB GROSS WT; CRUISE SPEED

NACA TN 3945

PARAMETER | VALUE TO RANGE METHOD USED
MEET TESTED
MiL-H-850I
- (]
-0.01 1.8 Aad
A8 DEG / \
v wNor | © To '
0.003
\
ADDITIONAL FACTORS AMOUNT FOR
RANGE TESTED
C.G. SHIFT W 229,
Ac 34%

TABLE ML

LATERAL OSCILLATION AND TURN CHARACTERISTICS
TANDEM ROTOR; 7,000-LB GROSS WT.; CRUISE SPEED

MAJOR VALUE TO RANGE METHOD USED
PARAMETER |  MEET TESTED
MIL~H-850I
ROLL DUE TO Cz
SIDESLIP, L,] ._sg -75 TO -37 /Q
FT-LB TWO WINGS,
F1/SEC 7 SQ FT EACH
1 T
ADDITIONAL METHOD AMOUNT FOR

RANGE TESTED

VERTICAL C.G.-GC.P.
RELATIONSHIP

9 IN.
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1.2 o
[ 0.03
a(CT/cr) 10F / 82
L] 8k

a(cr/o)
da ’
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1 1 4
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}
o 1 2 3 4 5 6
TIP-SPEED RATIO, g

Figure 1l.- Variastion of CT/U derilveatives with respect to u.

oa /18
aq yQ
ab' / 18
ap rQ
0 5 10O 1.5 2.0 25 3.0 35
8
GT/O'

Figure 2.~ Chart for determining rotor damping in pitch and roll.



26 | NACA TN 3945

Qur=0.4)(270%)" I6°

a °
sl W(am )

-9 555040 Fup-0.41270%)" 2°

1 1 1 1 )l 2 1 i) _

O 04 .08 12 16
CT/O‘

Figure 3.- Sample chart for determinigg derivatives of a' and Cq/o- o
D = 8 R .

er
CRITERION NOT

I+ \ SATISFIED

DAMPING-IN-PITCH o N
. ja]

PARAMETER
o y_ﬂ_ J—DIVERGENT
IY ailin

. CALC.

A
o =2~ 7 2.5
. | CRITERION B
3L SATISFIED 20

| — L I ] )

- o | z 3 4
ANGLE-OF-ATTACK STABILITY PARAMETER
M M Mg \2
=2 4070+ 0583 1042 (—1)
Iy Iy Iy
- R

W L

Flgure Us- Meneuver-stabllity chart for 2-second criterion.
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Figure 5.- Equation for speed stebility of tandem-rotor helicopters.

ORIGINAL 50% DECREASE IN 3¢
P AN: |
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L 1 | —_— L 1 1 ] 1
0o 4 8 12 16 o 4 8 12 1i6
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Figure 6.- Predicted effect of reduction in effective dihedral on lateral
osclllation.
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ORIGINAL 50% DECREASE IN %
R 40 I: r
¢' /\ ’
DEG/ SEC o *\//\\/ — %‘%
L 40 |— 1 ) Il 1 . I ) L
RZO- i
8, - ///’\\\ I N
DEG 0 ~ — ~—
- -
L300 C : . :

0 4 8 12 16

"0 4 8 I2

TIME, SEC

Flgure T.- Measured effect of reduction in effective dihedrsl on lateral

oscillation.
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